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Recently, the bi-layer Kagome lattice material Ca10Cr7O28 has been shown to be a quasi-two-
dimensional quantum spin liquid (QSL) where the frustration arises from a balance between compet-
ing ferromagnetic and antiferromagnetic exchange within a bi-layer. In an attempt to understand
what happens when this balance is disturbed, we present a magnetic dilution study. Specifically,
we have synthesized Ca10(Cr1–xVx)7O28 (0 ≤ x ≤ 0.5) where magnetic Cr5+ (S = 1/2) is partially
replaced by non-magnetic V5+ (S = 0). We also synthesized the fully non-magnetic isostructural
material Ca10V7O27.5. We report a detailed structural, magnetic and heat capacity study on these
materials. A monotonic increase in the unit cell parameters is found for the Ca10(Cr1–xVx)7O28
materials with increasing x. An order of magnitude decrease in the Curie-Weiss temperature from
4 to 0.5 K is found for the partial V substituted samples, which indicates a relative increase in
antiferromagnetic exchange with increase in V content. However, despite this change in the relative
balance in the exchange interactions and the large disorder introduced, no magnetic ordering or
spin-glass state is observed down to 2 K in the V substituted samples. The QSL state of the parent
compound thus seems surprisingly robust against these large perturbations.
I. INTRODUCTION
Although the Quantum spin liquid (QSL) state was
first conceptualized by Anderson in 1973 when he was
worrying about the ground state of the triangular lattice
Heisenberg antiferromagnet1, the discovery and study of
QSLs received a boost after Anderson’s proposal that
the parent compounds of the Cuprate high-Tc supercon-
ductors might be a "Resonating Valance Bond (RVB)"
QSL2. The study of Quantum Spin-Liquids (QSL’s) and
geometrically frustrated magnets in general have since
been attracting continuous attention, not only for discov-
ering new QSL realizations but also for the possibility of
finding superconductivity and other novel metallic states
by tuning the QSL by doping or pressure3–17.
The preferred recipe to construct spin liquids has been
to put small spins on lattices made up of triangular mo-
tifs, having antiferromagnetic interactions between the
spins. The geometric frustration then suppresses the ten-
dency to order and a QSL may be engineered. This strat-
egy has led to the realization of several QSL candidates
including the quasi-two-dimensional triangular lattice or-
ganics , the quasi-2D Kagome material Herbertsmithite,
and the 3D hyperkagome magnets like SrCr8Ga4O19
(SCGO), Na4Ir3O8, and PbCuTe2O63,13–17.
Recently a new QSL candidate Ca10Cr7O28 has been
discovered, where the QSL state is stabilized by a novel
mechanism of competing ferromagnetic and antiferro-
magnetic exchange, with the FM exchange dominating18.
The crystal structure of Ca10Cr7O28 is built up of dis-
torted Kagome bi-layers stacked along the c-axis. Within
the bi-layers, each layer has two kinds of distorted equiv-
alent triangles of Cr5+ (S = 1/2) exist with trian-
gles having ferromagnetic exchange surrounded by trian-
gles having anti-ferromagnetic exchange, and the other
way around. The bi-layers are magnetically isolated
from other bi-layers as evidenced by inelastic neutron
scattering18. The frustration arises from the weak ferro-
magnetic exchange between the two layers within a bi-
layer. A combination of bulk and microscopic probes
of magnetism established that Ca10Cr7O28 has no mag-
netic order or spin-freezing down to 19 mK and that
below 0.4 K the spins fluctuate at a rate indepen-
dent of temperature18. A broad and diffuse contin-
uum of excitations was revealed in inelastic neutron
scattering, consistent with spinon excitations18. The
Hamiltonian for this system has been arrived at by a
spin wave analysis of excitations out of a fully polar-
ized state19 and a pseudo- fermion functional renormal-
ization group calculation confirmed a spin liquid state
for this Hamiltonian18. Although, no excitation gap
was observed within experimental resolution in the INS
measurements18, a recent thermal conductivity study
suggested a gapped QSL state for Ca10Cr7O2821.
These experimental discoveries have motivated several
theoretical studies including a tensor-network method
revealing absence of magnetic order and importance of
quantum correlations22, and semiclassical theories using
Monte Carlo and molecular dynamics methods23,24.
We have been trying to understand how the QSL state
evolves under the influence of perturbations which can
change the relative importance of the competing ferro-
and anti-ferromagnetic exchanges. Our recent high pres-
sure magnetic study showed that application of pressure
of 1 GPa enhanced the Weiss temperature by a factor of
two, but did not lead to any magnetic ordering suggesting
that the QSL state was quite robust25.
In this work, we report the effects of magnetic dilu-
tion and negative chemical pressure on the QSL prop-
erties of Ca10Cr7O28. This is achieved by partially re-
placing magnetic Cr5+ with non-magnetic V5+ ions in
Ca10(Cr1–xVx)7O28 (0 ≤ x ≤ 0.5). In addition to mag-
netically diluting the lattice and introducing random dis-
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2order, V substitution also acts as negative chemical pres-
sure resulting in a unit cell volume expansion of ≈ 1.2 %
for complete replacement of Cr by V. By studying the
structure, magnetic, and thermal properties of these ma-
terials we aim to understand the effect each of these pa-
rameters (magnetic dilution, pressure, and disorder) have
on the QSL properties of the parent material.
Additionally, we also report the realization of a per-
fect nonmagnetic analog Ca10V7O27.5, which enables an
accurate exclusion of the lattice heat capacities without
any fitting. Such an advantage is absent in the previous
reports on Ca10Cr7O2818,25. The systematic investiga-
tion of magnetic susceptibility and heat capacity analysis
shows the absence of any long-ranged magnetic ordering
or spin-freezing down to 2 K indicating that the QSL
state of the parent material is surprisingly robust against
large perturbations.
FIG. 1. (Color online) Powder X-ray diffraction pattern
for Ca10(Cr1–xVx)7O28 (x = 0, 0.1, 0.2 and 0.3) and
Ca10V7O27.5. The solid circles represent the observed data,
the solid lines through the data represent the fitted pattern.
II. EXPERIMENTAL DETAILS
Polycrystalline samples of Ca10(Cr1–xVx)7O28 (x =
0, 0.1, 0.2, 0.3, 0.4, 0.5, 1) were synthesized from CaCO3,
Cr2O3 and V2O5 powders (99.99%, Alfa-Aesar) by con-
ventional solid state reaction method. Stoichiometric
amounts of starting materials were mixed thoroughly,
loaded in alumina crucibles with a lid, and calcined at 900
oC for 30 h. The resulting powders were then pressed into
a pellet and heated at 1020 oC for 40 hrs in air with an
intermediate grinding and pelletizing step. The final pel-
let of all samples were quenched in Argon. The Powder
X-Ray diffraction (PXRD) was collected at room temper-
ature using a Rikagu diffractometer (Cu Kα) and a Ri-
etveld refinement of the PXRD patterns were performed
using the GSAS software. Magnetization and heat ca-
pacity measurements were done using a Quantum Design
physical property measurement system (QD-PPMS).
III. RESULTS
FIG. 2. (a) Variation of lattice constant "a=b" as a function
of V doping. Inset-I and Inset-II show variation of lattice con-
stant "c" and cell volume versus V doping x respectively for
Ca10(Cr1–xVx)7O28 (0≤ x≤ 0.5) and Ca10V7O27.5 (b) Com-
parision of PXRD diffraction peak positions in intensity ver-
sus 2θ graph of Ca10Cr7O28 (black) and Ca10V7O27.5(red).
A yellow green pellet of Ca10V7O27.5 is shown on the up-right
corner.
3TABLE I. Structural parameters for Ca10(Cr1–xVx)7O28 (x= 0, 0.1, 0.2, 0.3, 0.4 and 0.5, 1) obtained from a Rietveld
refinement of room temperature powder x-ray patterns shown in Fig-2 with space group 167, R3c.
Atom Wyck x y z Occ. B Å
Ca10Cr6.4V0.7O28, a = b = 10.7978 Å, c= 38.175, Å Cell volume = 4450.918 Å3
Cr1/V1 36f 0.3185 0.1477 0.1324 0.95/ 0.035 0.0040
Cr2/V2 36f 0.1744 -0.1316 -0.0992 0.92/0.068 0.00118
Cr3A 12C 0.0000 0.0000 -0.0994 0.73 0.025
Cr3B 12C 0.0000 0.0000 0.5313 0.29 0.025
Ca10Cr5.6V1.4O28, a = b = 10.804 Å, c= 38.191 Å, Cell volume = 4457.816 Å3
Cr1/V1 36f 0.3108 0.1473 0.1324 0.84/ 0.15 0.009
Cr2/V2 36f 0.1794 -0.1420 -0.0994 0.92/0.08 0.005
Cr3A 12C 0.0000 0.0000 -0.0064 0.72 0.002
Cr3B 12C 0.0000 0.0000 0.0144 0.27 0.025
Ca10Cr4.9V2.1O28, a = b = 10.811 Å, c = 38.201 Å, Cell volume = 4464.7299 Å3
Cr1/V1 36f 0.3152 0.1401 0.1342 0.81/0.189 0.0018
Cr2/V2 36f 0.1738 -0.1356 -0.0988 0.9/0.1 0.011
Cr3A 12C 0.0000 0.0000 -0.0019 0.69 0.025
Cr3B 12C 0.0000 0.0000 0.0195 0.32 0.025
Ca10Cr4.2V2.8O28, a = b = 10.813 Å c = 38.204 Å, Cell volume = 4466.637 Å3
Cr1/V1 36f 0.3185 0.1477 0.1324 0.95/ 0.035 0.0040
Cr2/V2 36f 0.1744 -0.1316 -0.0992 0.92/0.068 0.00118
Cr3A 12C 0.0000 0.0000 0.9938 0.77 0.025
Cr3B 12C 0.0000 0.0000 0.5313 0.23 0.025
Ca10Cr3.5V3.5O28, a = b = 10.820 Å, c= 38.209(7) Å, Cell volume = 4473.384 Å3
Cr1/V1 36f 0.3185 0.1437 0.1314 0.95/ 0.035 0.0040
Cr2/V2 36f 0.1769 -0.1376 -0.0982 0.92/0.068 0.00118
Cr3A 12C 0.0000 0.0000 0.9913 0.72 0.025
Cr3B 12C 0.0000 0.0000 0.5173 0.28 0.025
Ca10V7O28, a = b = 10.853 Å, c =38.228 Å, Cell volume = 4502.939 (11) Å3
V1 36f 0.31119 0.1405 0.1301 0.99 0.00709
V2 36f 0.17807 -0.1372 -0.0999 1 0.0119
V3A 12C 0.0000 0.0000 0.00515 0.73 0.0178
V3B 12C 0.0000 0.0000 0.0403 0.29 0.002987
O3A 12C 0.0000 0.0000 0.9938 0.38 0.00178
O3B 12C 0.0000 0.0000 0.5313 0.13 0.002987
A. Powder diffraction Structure Analysis
The crystal structure of Ca10Cr7O28 is built up of dis-
torted Kagome bilayers of Cr5+ (S = 1/2 moments),
stacked along the c-axis as described elsewhere18,25. The
room temperature PXRD data for Ca10(Cr1–xVx)7O28
with different V concentrations x = 0.0, 0.10, 0.2, 0.3
along with a Rietveld refinement of the data are shown in
Fig. 1. The PXRD data for all synthesized materials are
found to be single-phase adopting the expected trigonal
space group-R3c structure18,25. The best fit parameters
obtained from Rietveld refinements are listed in Table I.
There are multiple Cr sites in the parent structure and
a substitution by V could lead to V being distributed
randomly at any of the 3 Cr sites. However, we found
a significantly better fit by making the natural assump-
tion that the V5+ ions would replace the Cr5+ ions (Cr1
and Cr2 sites) instead of the Cr6+ ions (Cr3A and Cr3B
sites). The refined fractional occupation of Cr and V
matched well with the target concentration of V as can
be seen from the Table I. Our analysis reveals an approx-
imately linear increase in the lattice constant ”a” while
the ”c” lattice parameter shows a weaker increase beyond
about x ≥ 0.2 leading to a monotonic increase in the cell
volume as shown in the Fig. 2(a). This trend agrees well
with expectation from a comparison of the radii of V5+
(0.355 Å) and Cr5+ (0.345 Å) ions.
The availability of an iso-structural non-magnetic ma-
terial is always crucial to extract the magnetic contri-
bution to the heat capacity of a magnetic material. In
previous reports, due to unavailability of such a mate-
rial the magnetic heat capacity analysis of Ca10Cr7O28
4relied on approximate high-temperature fits18,25. Here
we also report realization of a non-magnetic isostruc-
tural compound Ca10V7O27.5, where we have succeeded
in replacing Cr completely by V. Since all vanadiums are
in the V5+ oxidation state, charge neutrality requires a
slight oxygen deficiency from 28 to 27.5. PXRD data of
Ca10V7O27.5, is shown in the lowest panel of Fig. 1 and
the absence of any extra diffraction peak, confirms the
single-phase nature of the synthesized material. A com-
parison of the PXRD data for the x = 0 and x = 1 mate-
rials is shown in the lower panel of Fig. 2 along with an
image of a piece of the pellet for Ca10V7O27.5. As can
be seen from Fig. 2, compared to the parent material,
the PXRD for the x = 1 material is identical and shows
a shifting of all Bragg peaks to lower angles suggesting
an expansion of the lattice. A refinement confirms this
with an increase in cell volume of approximately 1.16 %
as we increase the V content from x = 0 to x = 1. In
addition to PXRD results, we successfully characterized
the non-magnetic state of Ca10V7O27.5 by magnetic sus-
ceptibility and heat capacity measurements, which will
be discussed in later sections. All materials were found
to be strongly insulating with two probe resistance values
in the MΩ range at room temperature.
IV. MAGNETIC SUSCEPTIBILITY
DC magnetic susceptibility χ = M/H versus tem-
perature at a magnetic field H = 1000 Oe for
Ca10(Cr1–xVx)7O28 (0 ≤ x ≤ 0.5) and Ca10V7O27.5 are
shown in Fig. 3(a). The inset shows the data at low tem-
peratures. The χ decreases in general with increase in
x which supports the picture of non-magnetic V5+ be-
ing substituted for magnetic Cr5+. The change in the
absolute value of χ is however from a combination of a
reduction of the number of magnetic ions in the material,
as well as a change in the magnetic exchange interactions
as we will show later, and therefore the reduction in χ is
not monotonic with increase in x. Inspite of the appar-
ently large disorder introduced into the magnetic sub-
system by the random substitution of non-magnetic V5+
for magnetic Cr5+, we do not find any signature of a spin-
glass like state at low temperatures. This can be seen in
the absence of any history dependence in the low field
(50 Oe) zero-field-cooled and field-cooled magnetization
measurements shown in Fig. 3(b) for the x = 0.1, 0.2, 0.5
materials.
As discussed earlier, the PXRD data is consis-
tent with V5+ being substituted at the Cr5+ site.
Therefore, to make a quantitative analysis of the
magnetic data we re-write the chemical formula as
Ca10(Cr5+1–xV
5+
x )6Cr6+O28. The 1/χ data for the x =
0–0.5 are shown in Fig. 3(c) and are all approximately lin-
ear in T at high temperatures. The 1/χ(T) for T ≥ 150 K
were fit by the Curie-Weiss expression χ = χ0 +C/T – θ
with χ0, C, and θ the fitting parameters and the fits
are shown as the curves through the data in Fig. 3(c).
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FIG. 3. (color line) (a) Magnetic susceptibility χ versus
temperature T for Ca10(Cr1–xVx)7O28 (0 ≤ x ≤ 0.5) and
Ca10V7O27.5 in a magnetic field H = 1000 Oe. Inset shows
the data below 12 K. (b) Low field ZFC and FC χ(T) data for
x = 0.1, 0.2, 0.5 materials showing absence of any hysteresis.
(c) 1/χ vs T for Ca10(Cr1–xVx)7O28 (0 ≤ x ≤ 0.5)
The parameters obtained from these fits are given in Ta-
ble II. The value of the Curie constant per magnetic Cr
ion were estimated from the 1/χ data assuming the chem-
ical formula Ca10(Cr5+1–xV
5+
x )6Cr6+O28. It can be seen
from Table II that the value of C for all the materials
is within about 10% of the value 0.375 expected for spin
5χ0
10–5cm3
(mol θ(K) C
cm3K
Cr5+
x = 0 4.31 4.1(1) 0.417
x = 0.1 1.56 2.6 (1) 0.344
x = 0.2 -1.4 1.78(2) 0.355
x = 0.3 3.7 1.3 (1) 0.327
x = 0.5 -2.2 0.1(1) 0.323
TABLE II. Parameters obtained by Curie-Weiss fit of mag-
netic susceptibility of Ca10(Cr1–xVx)7O28 (0 ≤ x ≤ 0.5) in
the temperature range 100-400 K.
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FIG. 4. (color line) (a) Heat capacity versus temperature
T(K) for Ca10(Cr1–xVx)7O28 (0 ≤ x ≤ 0.5) and Ca10V7O27.5
up to 50 K. The Inset shows heat capacity versus temperature
for all doped samples in the low-temperature range 2-20 K.
S = 1/2 moments with a g-factor g = 2. This again sup-
ports the fact that non-magnetic V5+ ions replace the
magnetic Cr5+ ions in the proportion close to the target
compositions.
Additionally, a monotonic reduction of the Curie-Weiss
temperature θ is found which indicates that the ferro-
magnetic exchange weakens relative to the antiferromag-
netic exchange with increase in V content. This trend is
opposite to what was observed on the application of pres-
sure, which we have previously shown leads to a signif-
icant increase in the Curie-Weiss temperature25. Struc-
tural analysis on the current samples has shown that V
substitution leads to an increase in the cell parameters
and cell volume, i.e. it acts as a negative pressure. Thus
the reduction in the Curie-Weiss temperature on V sub-
stitution can be viewed as mostly a pressure effect.
In Fig. 3(a), we have also shown the diamagnetic sus-
ceptibility of the end member material Ca10V7O27.5 con-
firming that it is a completely non-magnetic material.
We will use this to extract the magnetic contribution to
the heat capacity next.
The temperature dependence of the heat capacity of
Ca10(Cr1–xVx)7O28 (0 ≤ x ≤ 0.5) and Ca10V7O27.5 are
shown in Fig. 4. The inset of Fig. 4 shows the data
at low temperatures. An upturn below ∼ 10 K and a
FIG. 5. (color line) Heat capacity versus temperature T(K)
for Ca10(Cr1–xVx)7O28 x = 0.1, 0.2, 0.3, and 0.4 at different
applied magnetic fields H= 0-9 T.
weak maximum around T = 3 K in Ca10Cr7O28 is consis-
tent with the previous reports18,25. This maximum was
argued to signal a cross-over from a high temperature
thermally fluctuating regime to a low temperature QSL
regime with coherent quantum fluctuations18 and the on-
set of short-ranged magnetic correlations. From the inset
we can see that the magnitude and peak temperature of
this anomaly are approximately linearly suppressed with
increasing V concentration.
For the parent compound Ca10Cr7O28 it was shown
that a magnetic field leads to a linear increase in the
temperature of the maximum until a field of about 12 T
at which a fully polarized state is achieved19,25. The
magnetic field dependence of the low-temperature upturn
for Ca10(Cr1–xVx)7O28, x = 0.1, 0.2, 0.3, 0.4 are shown
in Fig. 5. For all materials, the low temperature maxi-
mum moves to higher temperatures on the application of
a magnetic field similar to the behaviour for the parent
material.
The availability of an iso-structural non-magnetic ma-
terial in Ca10V7O27.5 enables an accurate subtraction of
the lattice heat capacity without the need for any ap-
proximate high temperature fitting which had to be used
previously25. The lattice contribution to the heat capac-
ity for the magnetic materials was obtained by measuring
the heat capacity of Ca10V7O27.5 and then rescaling the
data to account for the molecular mass difference between
the magnetic samples and Ca10V7O27.5. The magnetic
entropy S per magnetic ion was then estimated by in-
tegrating the magnetic heat capacity Cmag/T versus T
data. The Cmag/T versus T is shown in Fig. 6 inset
and the entropy S estimated from these data for all the
magnetic materials is shown in the main panel of Fig. 6.
The entropy for all materials is qualitatively similar to
the parent material with a rapid increase upto ∼ 10 K
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FIG. 6. (color line) Magnetic entropy per magnetic Cr S (in
units of Rln2) versus temperature T for Ca10(Cr1–xVx)7O28
(0 ≤ x ≤ 0.5). Inset shows the magnetic heat capacity divided
by temperature Cmag/T versus temperature.
followed by a weaker increase to the highest tempera-
tures of measurement. We note however, that none of
the materials achieve the full entropy upto 50 K, which
is larger than the largest magnetic energy scales in this
material. This clearly suggests that similar to the parent
material, small but significant amounts of entropy must
be recovered for the V substituted materials at still lower
temperatures than the lowest temperature (T = 2 K) of
our measurements.
V. DISCUSSION AND SUMMARY
We have made a structural and magnetic property
study of the effect of magnetic dilution on the QSL prop-
erties of the bi-layer Kagome material Ca10Cr7O28. This
is in continuation of our previous high pressure work on
Ca10Cr7O2825 and is an attempt to understand how the
QSL state evolves on tuning away from the materials nat-
ural structure and composition.
The Vanadium substitution for Cr in Ca10Cr7O28
has multiple effects; a pressure effect, a magnetic dilu-
tion effect, and a disorder effect. From our structural
refinement of the powder x-ray diffraction patterns of
Ca10(Cr1–xVx)7O28, we found a monotonic increase of
the unit cell parameters. This means that V substitution
for Cr leads to an expansion of the lattice, or a negative
pressure effect. Our previous study on the evolution of
magnetic susceptibility with pressure had shown that the
Curie-Weiss temperature increased from 4 K to 7 K under
a pressure of 1 GPa 25. The Vanadium substitution stud-
ied here leads to a negative pressure and therefore should
be expected to reverse the trend seen in the high pressure
measurements. This is indeed observed as we find a de-
crease of the Curie-Weiss temperature from 4 K to ≈ 0 K
for the Ca10(Cr1–xVx)7O28 materials in going from x = 0
to x = 0.5. Our studies therefore show that with the
magnetic energy scales being small in Ca10Cr7O28, pres-
sure and chemical pressure are quite effective in tuning
the relative importance of ferro-magnetic and antiferro-
magnetic exchange interactions. This can be seen from a
large ∼ 10 K change in the Weiss temperature that can
be achieved between pressure and chemical negative pres-
sure effects in a system with a largest magnetic energy
scale of about 20 K 18,25. Inspite of this large change in
the Curie-Weiss temperature, we observe no signatures
of any magnetic ordering or freezing in the studied mate-
rials. This strongly suggests that the QSL state is robust
against significant changes in the relative magnetic ex-
change interactions.
Vanadium substitution also introduces random disor-
der into the magnetic sublattice of Ca10Cr7O28. Large
disorder is expected to lead to a frozen or glassy state.
However, somewhat surprisingly our low field ZFC and
FC magnetic susceptibility measurements did not show
any signatures of magnetic irreversibility, indicating the
absence of a frozen or glassy state at least down to 2 K
even for the largest disorder samples x = 0.4, 0.5.
Finally, the magnetic dilution seems to weaken the
frustration effect seen for the parent material. This
can be seen by the suppression of the broad magnetic
anomaly in the magnetic heat capacity. Also, from the
magnetic entropy shown in Fig. 6 it is clear that more
and more of the expected Rln2 entropy is recovered be-
tween 2 K and 50 K as x increases. Since magnetic frus-
tration tends to push the entropy to be released at lower
temperatures, the recovery of magnetic entropy at higher
temperatures demonstrates a weakening of frustration for
the Vanadium substituted materials.
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